The DNA of organisms embodies virtually unlimited information about their evolutionary history. The information is encoded in the linear sequence of the four nucleotide components of, DNA (adenine, cytosine, guanine, and thymine) in the same fashion as semantic information is encoded in the sequence of letters of an English text. Molecular evolution investigations of DNA sequences have been largely directed toward reconstructing the phylogeny (evolutionary history) of species relations. But many other issues can be explored. I have used genes of a particular kind, those involved in the immune response, to investigate the size of human populations from the time of the origin of our species and earlier in order to ascertain whether the existence of the mythical Eve has been confirmed by science, as some reports claim (1).
Evolution is a time-dependent gradual process. At the genetic level, evolution occurs by accumuLlated substitutions of one nucleotide by another in the DNA of the organism. Nucleotide mutations arise with constant probabilities, but most are lost by chance shortly after their origin. The fate of the rest depends on their effects on the organism. Many mutations are injuriouls and are readily eliminated by natural selection. Other mutations are adaptively neutral or nearly so; that is, the replacement of one nucleotide by another is of little or no consequence to the organism's welfare. These mutations occasionally spread and become fixed in the species at rates that are constant, so that the number of differences between two species is roughly proportional to the time since their divergence from a common ancestor. Other mutations are favored by natural selection because they benefit the organism. Some of these mutations spread among the individuals and accumulate in the specie, and this process is also timedependent. The regularity of the process by which nucleotide substitutions occur makes it possible to reconstruct the historical relations among species and also to assign dates to relevant events. That is, there is a molecular clock of evolution, which is not a metronomic clock like ordinary timepieces that measure time intervals precisely, but rather a stochastic clock that is dependent, like radioactive decay, on events that occur with constant probabilities.
The evolutionary information encoded in the DNA has the notorious attribute of being effectively inexhaustible. The nucleotide sequence of a single gene or small DNA fragment is often sufficient to solve a particular evolutionary question, but organisms have many genes (-100,000 in primates and other mammals). The evolutionary information obtained by investigating one gene can be supplemented with tlhe investigation of additional genes until the information becomes sufficient to settle a particular issue. The practical limits are resources, financial costs, and time.
The Reconstruction of Genealogy
The methodology used to reconstruct evolutionary genealogies can be illustrated with a simple example (2) . Figure 1 shows a schematic comparison among four DRB1 gene sequences, two from humans and two from chimpanzees, each of 270 nucleotides; the data for the six pairwise comparisons are given in Table 1 . The most similar pair are the human gene Hs* 1103 and the chimpanzee gene Pt*0309, which have been arranged in Fig. 2 One noteworthy property of these four genes is that the two human sequences are more different from one another than each is from one chimpanzee gene. Hence, the lineages of the two human genes diverged from each other more than 6 million years ago (Ma), the approximate time when the lineages of humans and chimpanzees diverged. The ancient origin of these and other' DRBl gene lineages is a property that makes them particularly suitable for ascertaining the history of ancient human populations.
Genealogy of DRB1 Genes DRB 1 is one of -100 genes that make up the human leukocyte antigen (HLA) complex, whiclh extends over a DNA segment 4 million nucleotides long located on chromosome 6. The HLA genes specify molecules with a critical role in tissuLe compatibility and in defense against pathogens and parasites. These genes are arranged in two distinct groups, class I and class II, separated by several dozen genes that have functions mostly unrelated to the immune response (Fig. 3) .
The HLA complex is homologous to the major h-istocompatibility gene complex (MHC) of mammals and other vertebrates (3). MHC molecules on the surfaces of certain cells bind protein fragments (antigens) and present them to lymphocytes called T Table 1 . Numbers of nucleotide differences among four DRB1 genes, two from humans (Hs) and two from chimpanzees (Pt). the DRB 1 polymorphism were neutral, the coalescence date would require a long-term population of 1 million individuals. We need to qualify this conclusion with two observations. First, although N is an estimate of the mean of the population over time, the estimate refers to the hannonic mean, which has the important property of being affected disproportionately more by smaller than by larger numbers. The estimate of N is therefore consistent with population sizes much greater than 1 million for many generations, but it is not compatible with much smaller population sizes for very many generations. Second, because of the large variance of the coalescence equation, the estimate of N is readily compatible with values between, say, 500,000 and 2 million individuals (13).
The previous calculations are for neutral genes, but the DRB1 genes are subject to overdominant natural selection, that is, heterozygotes for HLA genes are better off than are homozygotes (3, 14); for instance, heterozygotes display enhanced resistance to Plasmodium falciparum, the parasite that causes malignant malaria (15). Overdominant selection, like other forms of balancing selection, increases the probability that gene polymorphisms will persist over time, and thus it reduces the number of individuals required for their persistence.
In the case of balancing selection, the coalescence process has the same structure as in neutral gene genealogy, except for a scaling factor, fs so that the time to coalescence in generations is estimated by T = Nfs (16-18). The scaling factor depends on the selected mutation rate as well as on the selection coefficient, s, which measures the advantage accruing to the heterozygotes. Estimates of s range from 0.0007 to 0.019 (7, 14, 15). If we assume values of s = 0.01 to 0.03, the population size required for maintaining the DRB1 polymorphism is -125,000 to -300,000 individuals (Table 3) 
Experimental Simulated Populations
The 
Population Bottlenecks
Neither the mtDNA results nor the ZFY results lead to the conclusion that narrow population bottlenecks consisting of one or very few couples have occurred in human ancestral history. We want, nevertheless, to explore the likelihood that a bottleneck did occur. When the number of individuals in a population oscillates from generation to generation, small numbers have a disproportionately large effect on the value of N, because N is the harmonic mean of the population size over time. Therefore, very narrow or long-lasting bottlenecks are inconsistent with the DRB1 results. However, the question remains whether an occasional population bottleneck may have occurred, and if so, how small it could be. It has been suggested that a population bottleneck occurred at the transition from archaic to modern H. sapiens, some 100,000 to 200,000 years ago (1, 21, 24) .
The consequences of a population bottleneck depend not only on the size of the bottleneck, Nb, but also on the number of bottleneck generations, tb. A useful measure for evaluating the effects of a bottleneck is the ratio Nb/tb, which if <10 leads to a drastic reduction in genetic polymorphism (18) . Thus, a bottleneck of 100 individuals would substantially reduce genetic variation if it lasted 10 or more generations, but balancing selection facilitates the persistence of polymorphisms through a bottleneck (25). The persistence of HLA polymorphisms over millions of years requires that the size of human ancestral populations be at least Ns = 10 at all times (7, 17). If s = 0.01, the minimum population size possible at any time would therefore be Nb = 1000. The minimum number must have been in fact much larger, because human population bottlenecks cannot last just a few generations. Many generations are required for a human population to grow from 1000 to its long-term mean, which we have estimated to be -100,000 individuals. The rate of growth of human populations throughout the Pleistocene has been estimated to be -0.02% per generation (26).
Computer-simulated populations are useful for exploring the minimum bottleneck size that would allow the persistence of the DRBI polymorphism. The results in Fig. 8 are based on 200 separate computer runs. If there is no selection (s = 0) and we ignore the time required for a population to grow back to its long-term population size, and if we assume that 70 gene lineages were present before the bottleneck, the smallest bottleneck that would allow the persistence of 60 of these 70 gene lineages is 510 to 550 individuals (Fig. 8, top panel) . When we account for the time required for the population to recover to its average size, the minimum population size at the bottleneck becomes substantially larger. Assuming a rate of population increase of R =1% per generation (which is 50 times the average growth rate of humnan populations throughout the Pleistocene) (26) and population 1934 SCIENCE * VOL. 270 * 22 DECEMBER 1995 growth to 100,000 individuals, 4490 to 4590 individuals are the minimum bottleneck for passing 60 alleles (Fig. 8, top panel) . Overdominant selection reduces only slightly the minimum number of individuals required at the bottleneck. When s = 0.01, the minimum bottleneck size for passing 60 of the 70 alleles is 500 to 540 individuals if we ignore the required growth back to longterm numbers, but 4310 to 4380 when we take population growth to 100,000 individuals into account (Fig. 8, middle panel) . Even with the unrealistically high s = 0.1, the corresponding values become 490 to 530 and 3410 to 3510 (Fig. 8, bottom panel) . It may be concluded that, to account for the DRB 1 polymorphism, the minimum possible number of individuals at a bottleneck is at least 4000; this number is consistent with the lower estimates derived from the mtDNA and the ZFY gene. The transition from H. erectus to H. sapiens occurred around 400,000 years ago, but there is uncertainty as to whether some fossils are H. erectus or "archaic" forms of H. sapiens (33). Moreover, H. erectus persisted further in Asia, until 250,000 years ago in China and perhaps until 100,000 years ago in Java (33). The subspecies H. sapiens neaniderthalensis appeared in Europe around 200,000 years ago and persisted until 30,000 years ago. The Neanderthals have been thought to be ancestral to anatomically modern humans, but now we know that modern humans appeared at least 100,000 years ago, much before the disappearance of Neanderthal fossils. It is puzzling that in caves in the Middle East, fossils of anatomically modern humans precede as well as follow Neanderthal fossils. Some modern humans are dated at 120,000 to 100,000 years ago, whereas Neanderthals are dated at 60,000 and 70,000 years, followed by modern humans dated at 40,000 years (34). It is unclear whether the two forms repeatedly replaced one another by migration from other regions, or whether they coexisted, or indeed whether interbreeding may have occurred.
There is considerable controversy about the origin of modern humans (22, 33-36) . Some anthropologists argue that the transi- In conclusion, the weight of the molecular evidence favors a recent African origin for modern humans. Ethnic differentiation between modern human populations would therefore be evolutionarily recent, a result of divergent evolution between geographically separated populations during the last 50,000 to 100,000 years. However, the replacement of archaic H. sapiens by anatomically modern humans may not have been complete everywhere. Some interbreeding between the colonizing modern humans and local populations would account for the apparent morphological continuity in some regions, particularly Australasia (29, 35, 39) . The current blossoming of molecular evolutionary anthropology surely will soon provide more definitive and precise answers.
